Mechanisms regulating axon growth in the peripheral nervous system have been studied by means of an in vitro bioassay, the tissue section culture, in which regenerating neurons are grown on substrata made up of tissue sections. Sections from intact and degenerated sciatic nerves proved to be different in their ability to support neurite outgrowth of embryonic chick sensory neurons from both qualitative and quantitative points of view. On denervated nerve sections, the total length of neurites elaborated per neuron was almost twice that found on intact nerve sections. In addition, confocal microscopy revealed a striking difference between intact and denervated nerve substrata: on denervated nerve sections, neurites grew inside the internal structures of endoneurial Schwann cell tubes, within the underlying tissue sections, whereas on intact nerve sections neurites extended along endoneurial basal laminae but never entered Schwann cell tubes. Perturbation experiments were used to analyze some of the molecular determinants that control neurite outgrowth in this system. Antibodies directed against the ␤1-integrin subunit inhibited neurite extension on both normal and degenerated rat sciatic nerve tissue. Strikingly, however, differential inhibition was observed using antibodies directed against extracellular matrix molecules. Anti-laminin-2 (merosin) antibodies drastically reduced both the percentage of growing neurons and the total length of neurites on denervated nerve sections, but they did not modify these parameters on sections of normal nerve. Taken together, these results suggest that laminin-2/merosin promotes neurite outgrowth in peripheral nerve environments but only after Wallerian degeneration, which is when axons are allowed to extend within endoneurial tubes.
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Key words: nerve fiber growth; axon regeneration; peripheral nervous system; Wallerian degeneration; rat sciatic nerve; extracellular matrix; integrin; merosin; cryoculture; bioassay; confocal microscopy In Mammals, peripheral nerve injuries are followed by Wallerian degeneration in the distal stump of the nerve. This degeneration process is thought to be a prerequisite for axonal regeneration, because the intact proximal stump of a severed peripheral nerve does not support sensory axon regeneration (Langley and Anderson, 1904; Ramon y C ajal, 1928) . Wallerian degeneration is accompanied by complex cellular and molecular processes and in particular induces modifications in extracellular matrix (ECM) composition (Cornbrooks et al., 1983; Martini et al., 1990) . However, the basal lamina tube that surrounded the original fiber is left intact, and together with dividing Schwann cells it forms endoneurial Schwann cell tubes, also called bands of Büngner, which guide regenerating nerve fibers.
EC M molecules are recognized by specific neuronal receptors, the most prevalent being integrins (Haas and Plow, 1994; Luckenbill-Edds, 1997) . In in vitro systems, a large variety of integrins and ECM molecules have been shown to regulate neuron process outgrowth (Venstrom and Reichardt, 1993) , but the role of these components in controlling nerve fiber regeneration in situ remains elusive, despite a number of in vivo attempts (Toyota et al., 1990; Wang et al., 1992; Kauppila et al., 1993) . In any case, it may be difficult to interpret in vivo experiments, because complex accompanying events such as Schwann cell migration and macrophage invasion, which are also regulated by cell-matrix interactions, may be perturbed by the treatments. A simpler approach is the "cryoculture" bioassay (Carbonetto et al., 1987; Covault et al., 1987; Sandrock and Matthew, 1987) , also referred to as "tissue section culture" (Crutcher, 1989) . In this technique, neurons or neuronal explants are cultivated on cryostat sections of various tissues, thus allowing growth cones to interact directly with tissue substrata. Previous experiments have already shown that embryonic neurons can extend long neurites on peripheral nerve sections (Carbonetto et al., 1987) . Moreover, adult sensory neurons have been shown to extend neurites only on sections of nerves that have undergone Wallerian degeneration, thus mimicking their in vivo behavior (Bedi et al., 1992) .
In an attempt to understand how Wallerian degeneration affects nerve fiber growth, we have used the cryoculture bioassay and confocal microscopy to compare neurite outgrowth of immature neurons induced by normal and degenerated sciatic nerve substrata. In addition, by using blocking antibodies to perturb interactions between growing neurites and their natural environment, we have defined some of the interactions leading to nerve fiber outgrowth on each type of nerve substrate. We demonstrate that the growth of chick sensory neurons is increased on denervated nerves compared with normal nerves. Interestingly, this increase was correlated with the ability of neurites to enter Schwann cell tubes in the underlying section substrate. Anti-␤1-integrin antibodies blocked growth at similar levels on intact and denervated nerve sections. Anti-merosin antibodies also inhibited neurite outgrowth, but significant inhibition was only observed on denervated substrata, suggesting that the growth-promoting ability of this EC M molecule is increased after denervation, again perhaps attributable to the ability of nerve fibers to enter Schwann cell tubes.
MATERIALS AND METHODS

Preparation of lesioned and nonlesioned tissue substrata
Adult Wistar rats (I FFA Credo, Arbresle, France) (200 -250 gm) were anesthetized with an intraperitoneal injection of chloral hydrate (0.5 ml /100 gm body weight, 8% solution in PBS). The right sciatic nerve was exposed and transected with sterile surgical scissors between two ligatures. The distal stump was displaced to prevent contamination by regenerating axons. The wound was closed with surgical clips. Rats were killed by C O 2 inhalation 15 d after lesion. The distal portion of the transected sciatic nerve and the contralateral, nonlesioned sciatic nerves were cut into segments of 0.5 cm in length. The nerves segments, unfixed, were desheathed and rapidly frozen in isopentane cooled by liquid nitrogen. L ongitudinal sections (14 m) were cut onto a cryomicrotome, collected on 14-mm-diameter glass coverslips, and stored at 4°C before use or for several weeks at Ϫ20°C until required.
ECM molecule substrata
Control experiments involving purified EC M molecules were performed in Terasaki plates (Nunc, Naperville, IL). For the laminin-1 and laminin-2 substrata, the Terasaki microwells were precoated with polyornithine (1 mg /ml) (Sigma, St. L ouis, MO) in distilled water for 30 min. E xcess solution was removed and microwells were rinsed with PBS and incubated for 2 hr at 37°C with a 10 g /ml solution of laminin-1 or laminin-2 (human merosin; Chemicon, Temecula, CA) in C a 2ϩ , Mg 2ϩ -free PBS. T wo laminin-1 preparations purified from Engelbreth -HolmSwarm (EHS) tumor were tested: one was a generous gift from Dr. C. Henderson (I NSERM, U. 382, I BDM, Marseille, France), and the other was purchased from Sigma. The fibronectin substratum was prepared by incubating microwells for 2 hr with 10 l of a 100 g /ml rat fibronectin solution (Sigma) in C a 2ϩ , Mg 2ϩ -free PBS. E xcess solution was removed, and the wells were left to dry. In all cases, the microwells were rinsed twice with DM EM medium before use.
Preparation of purified neuronal cultures
Chicken sensory neurons were used as the main neuronal model in this study. T wo considerations dictated the choice to use chick neurons. First, E13 DRG neurons are much easier to purif y and rid of contaminating non-neuronal cells than newborn rat DRG neurons (T uttle and Matthew, 1995) . Second, their neurites can be specifically distinguished from axons running in the underlying nerve substrata by species-specific anti-NCAM antibodies. Dorsal root ganglia (DRG) were dissected from E13 chick embryos and dissociated as described previously (Agius et al., 1996) . The resulting cell suspension (25,000 neurons/ml), containing a 90% pure neuronal population, was plated onto tissue section-coated coverslips and placed in 16 mm wells of four-well plastic dishes (Nunc). For control experiments performed in Terasaki microwells, 300 neurons were seeded in 10 l of culture medium. Medium was composed of DM EM completed with 10% FC S (Flow Laboratories, Irvine, UK), 125 ng /ml of 7S NGF (Sigma), 50 g /ml of gentamycin, and 2 mM L-glutamine. In perturbation experiments, the perturbing agent was added to the culture medium before the cells were seeded. In some experiments, neurons from E13 chicken sympathetic ganglia or from newborn mouse DRG ganglia were also used, following the same protocol as above.
Antibodies
The monoclonal antibodies (mAbs) directed against the chick ␤1-integrin subunit, JG22 (David I. Gottlieb; Greve and Gottlieb, 1982) , V2E9 (Alan F. Horwitz; Hayashi et al., 1990) , and against chicken N-CAM, 5e (Urs Rutishauser), were obtained from the Developmental Studies Hybridoma Bank maintained by the Department of Pharmacology and Molecular Sciences, The Johns Hopkins University School of Medicine, Baltimore, MD 21205, and the Department of Biological Sciences, University of Iowa, Iowa C ity, IA 52242, under contract N01-H D-6-2915 from the National Institute of Child Health and Human Development. The mAb against the A2B5 epitope was kindly provided by Dr. M. Fauquet (UR A C N RS 2115, Université Paris). The mAb against the N-cadherin (clone GC -4) was purchased from Sigma. All mAbs were used at a final concentration of 25 g of Ig /ml, except where stated otherwise. The polyclonal antibody directed against EHS tumor laminin (laminin-1) has been characterized previously (C arbonetto et al., 1987) . It also recognizes laminin-2 (merosin), and thus will be named anti-laminin-1/2 in the text. For inhibition assays, it was used at a 1:500 dilution. Other antisera directed against laminin-1 and against rat fibronectin and an mAb directed against the ␤2 chain of human merosin (laminin-2), which cross-reacts with rat laminin-2, were purchased from Chemicon and were used at a concentration of 25-50 g of Ig /ml for inhibition assays.
Analysis of neurite outgrowth
The effects of peptides and antibodies on neurite outgrowth were determined both by counting the number of neurons with neurites and by measuring the neurite length on camera lucida drawings of randomly selected neurons. Neurites of growing chick sympathetic or sensory neurons could not be visualized directly by phase contrast microscopy because of the thickness of tissue section substrata; therefore, neurons were immunostained as described under immunocytochemistry. To visualize Schwann cells or fibroblasts that may contaminate the cultures, some preparations were stained directly with the vital dye calcein-AM (2.5 M) (Molecular Probes, Eugene, OR).
Counts of growing neurons. Individual and reaggregated neurons attached to the tissue sections were counted on the entire coverslip, with an average value of ϳ1000 neurons/dish. When cell numbers exceeded this value, cell counts were limited to 1200 neurons/coverslip. To avoid possible artifacts attributable to the variability in neuronal numbers, care was taken to include only those cultures with an equivalent neuronal density; i.e., cultures containing too many or too few neurons were discarded. Growing neurons were defined as those extending nerve processes longer than two cell body diameters. Neurite outgrowth was expressed as the percentage of neurons with neurites in the total population of attached neurons. In perturbation experiments, inhibition of neurite outgrowth was calculated by the following formula: inhibition of neurite outgrowth ϭ ͭ 1 Ϫ % of growing neurons (perturbed) % of growing neurons (control) ͮ ϫ 100 .
Scores were averaged from two to three coverslips per experiment, and results were expressed as the mean Ϯ SEM of at least three independent experiments (see Results).
Determination of neurite length and of number of primar y neurites per neuron. After the immunostaining procedure, neurons were randomly selected and drawn using a camera lucida system. The length of the entire neuritic arborization was measured, and the number of primary neurites per neuron was determined. Approximately 100 neurons drawn from at least three independent experiments were taken into account for each experimental condition.
Control experiments
In all perturbation experiments, the efficacy and possible toxicity of antibody and peptide preparations were controlled on microcultures of the same suspension of purified DRG and sympathetic neurons grown in Terasaki dishes on the relevant substrata (laminin-1, laminin-2, or fibronectin). All neurons in each microwell were counted, and scores were averaged from 4 -10 microwells per condition. Results were expressed as the mean Ϯ SEM of at least three independent experiments. C ytotoxicity of the various perturbing reagents was also checked in preliminary experiments, using calcein-AM and Ethidium homodimer-1 (live/dead, viability/cytotoxicity kit; Molecular Probes). At the appropriate time, the cytotoxicity test reagent was added to the culture medium as indicated by the supplier.
Immunocytochemistry
For cell counts, after 2 d of culture, the preparations were fixed for 15 min with a 3.5% formaldehyde solution. Cultures were rinsed, preincubated for 1 hr with a PBS solution containing 1% lyophilized skimmed milk, rinsed again in PBS, and incubated for 30 min with 5e mAb (25 g of IgG/ml), which specifically recognizes chicken N-CAM, thus leaving the rat nerve substrata unstained. Mouse sensory neurons and their neurites were stained with the anti-N-cadherin antibody, which stained minimally the rat substrata. After two washes in PBS, cultures were incubated in biotinylated goat anti-mouse IgG (Amersham, Arlington Heights, IL) used at 1:50 dilution, and after they were rinsed, with alkaline phosphatase-conjugated streptavidin (Amersham) used at 1:300 dilution. Phosphatase activity was revealed using a nitro blue tetrazolium-bromochloroindolyl phosphate solution (Sigma). The reaction was stopped by adding EDTA to a final concentration of 20 M. Slides were finally mounted with Moewiol. For confocal analysis of tissue section cultures, preparations were fixed, rinsed, and preincubated in milk / PBS solution as above. They were then sequentially incubated for 30 min with 5e mAb (25 g IgG/ml), biotinylated-goat anti-mouse IgG (Amersham) used at 1:50 dilution, and FI TC -conjugated streptavidin (Amersham). Laminin immunoreactivity was then detected by a 30 min incubation with a rabbit anti-laminin antibody used at 1:500 dilution revealed, after washing, with TRI TC -conjugated goat anti-rabbit IgG (Nordic Immunology).
Confocal microscopy
Stained cultures were mounted with Moewiol and examined on a Z eiss L SM410 laser scanning confocal microscope, using argon and heliumneon laser beams and appropriate filter combinations. The relationships of neurite trajectories with respect to their EC M environment were analyzed using simultaneous detection of FI TC (axons) and TRI TC (EC M molecules in the substrate). In most instances, separate x-y scans were recorded at various depths. In some cases, however, extended depth of focus was used to compile successive scans along the entire depth of the preparation and thus reconstruct a general view of neuritic arborizations. Finally, z scans, oriented perpendicular to the long axis of axon units in the tissue substratum, were obtained at various intervals to gain insight into the thickness of the preparation. In some experiments, myelin was visualized using the polarized 488 nm argon laser beam. Bright-field images of neurons labeled with the anti-NCAM antibody revealed with alkaline phosphatase were inverted, color-coded in green, and superimposed on the red-colored myelin images.
RESULTS
Pattern of neurite outgrowth on sciatic nerve sections
At first sight, no obvious differences were noted between normal and denervated nerve substrata in the way they influenced the patterning of neurite outgrowth of DRG neurons ( Fig. 1) , as already reported for younger embryonic chick neurons (Carbonetto et al., 1987) . Neurons emitted prof use neuritic networks on both substrata, and in both cases neurites were mostly oriented along the long axis of the underlying, longitudinally cut nerve sections ( Fig. 1) , clearly indicating the prominent role of tissue structures in guiding nerve fibers. Preparations vitally stained with calcein-AM showed minimal contamination by nonneuronal cells, and neurites in their vicinity were not seen to grow preferentially over them.
In a first attempt to understand the reasons leading to such an oriented pattern of growth, the position of neurites was compared with that of myelin in the underlying substrata. Images of growing neurons stained with anti-N-CAM antibodies revealed with alkaline-phosphatase were acquired under transmitted light (Fig.  2 A) , inverted, and color-coded in green. Myelin in the same field was then imaged under polarized light (Fig. 2 B) and color-coded in red. Superimposition of both images revealed that neurites showed a marked preference for substrate areas devoid of myelin. This was particularly clear on denervated nerve substrata, on which neurites were seen to extend outside the remaining patches of myelin debris (Fig. 2C) .
To determine whether the compact nature of myelin sheaths could simply represent a physical barrier, impeding growth cones to invade the internal structures of axon units, neurons were grown on transverse sections of intact nerve. In this orientation, the internal structure of most axon units is exposed at the surface of the tissue section and is directly accessible to nerve growth cones. Under these conditions, the pattern of neurite extension was strikingly different from that reported above: neurites did not form straight extensions but grew in successive loops and circles (Fig. 2 D) . Double immunofluorescence and confocal microscopy were then used to analyze the position of neurites with respect to other structures in tissular substrata. Neurons were stained with the anti-N-CAM antibody, and endoneurial basal laminae within the tissue sections were decorated with the anti-laminin-1/2 antiserum, which recognizes laminin-2 (merosin) in endoneurial basal laminae. It was striking to observe that most neurites grew in association with basal laminae. They were not found to extend across myelin sheaths enclosed within endoneurial tubes (Fig.  2 E,F ) . This was true even for the initial portions of primary neurites on their exit from the cell body (Fig. 2 E) . Interestingly, the same pattern was found several micrometers deeper, inside the tissue sections (Fig. 2 F) , indicating that growth was not confined to the surface of the substratum and that neurites were able to insinuate along basal lamina tubes.
Relationships between growing neurites and basal laminae within tissue substrata
The position of neurites with respect to that of endoneurial basal laminae was then compared between intact and denervated nerve substrata. Sensory neurons were grown on longitudinal nerve sections and the preparations were stained after 48 hr using the same double immunofluorescence protocol as above. Observations under a conventional fluorescence microscope revealed that neurite extension was extensive along the laminin-2- immunoreactive profiles of basal laminae, and was rarely found within extracellular spaces separating axon units. In some instances, neurites of a given neuron were entirely confined to a single axon unit of the substrate. Laminin-2 immunoreactivity was not clearly different between normal and denervated nerve substrata, confirming earlier observations (Sanes et al., 1990) . To analyze in more detail the relationships between growing neurites and basal laminae, horizontal and transverse vertical optical sections of the double-stained preparations were acquired under a confocal microscope. This led to the following new observations. Neurites extend neurites that do not grow straight on the substratum but form loops (arrowheads). E, F, Confocal imaging of the same neurons. Neurons and their neurites stained with anti-N-CAM antibodies are displayed in green, whereas basal laminae stained with anti-laminin-1/2 antibodies are displayed in red. E, Horizontal optical section acquired at the surface of the substratum showing the base of the neuronal cell bodies n1 and n2 and the proximal part of their neurites (arrowheads). Note that neurites do not extend across the surface of the underlying axon units containing myelin (asterisks) but circle around, in association with laminin-stained endoneurial basal laminae. F, Horizontal optical section acquired 3 m deeper in the preparation. Neurites (arrowheads) extend deep inside the substratum but still do not cross myelin-containing axon units. Scale bars, 25 m.
First, it confirmed that nerve fibers were not confined to the surface of the tissue sections but were able to grow within the tissue sections. In fact, neurites were observed extending in all horizontal planes, down to the deepest part of the cryosections (Fig. 3) . Moreover, confocal microscopy revealed that in fact the localization of growing fibers was not identical between intact and denervated substrata. On normal nerve sections, as seen above for neurons growing on transverse nerve sections, neurites were associated with endoneurial basement membrane (Fig. 3B-D) .
Few neurites were found outside of the endoneurial ECM scaffold, and none were ever observed deep inside basal lamina tubes (Fig. 3C) . Vertical optical sections, performed perpendicular to the long axis of basal lamina tubes, confirmed these observations: most neurites were seen in direct association with the lamininimmunoreactive basal laminae (Fig. 3, insets 1-4 ) . In marked contrast, on denervated nerve sections, neurites were found to extend not only along basal laminae (Fig. 3F-H ) but also deep inside the axon units of the substratum (Fig. 3G) . Transverse optical sections helped to clarif y these observations: whereas some fibers were seen, as above, in contact with basement membranes, others were found deep inside the oval-shaped profiles of endoneurial basal lamina scaffolds (Fig. 3, insets 1Ј-4Ј ). These data suggest that neurites are allowed to access the inner structures of endoneurial tubes after Wallerian degeneration.
Quantification of neurite outgrowth on intact and denervated nerve substrata
The above observations prompted us to reinvestigate, from a quantitative point of view, possible differences between normal and denervated environments in their ability to promote neurite outgrowth. Initial counts of chick DRG neurons showed that the percentage of neurons extending neurites was not significantly different on either degenerated or normal nerve substrates (Fig.  4 A) . To investigate whether this was a peculiarity of immature chick sensory neurons, the same experiment was repeated using E13 chick sympathetic neurons and newborn mouse DRG neurons. Again, for both neuronal types, the percentage of growing neurons was similar on normal or degenerated substrata (Fig.  4 A) . However, f urther analysis of neuronal growth taking into account the length of nerve fibers indicated that neurite outgrowth was significantly enhanced on lesioned nerve substrata compared with intact nerve substrata. For chick sensory neurons, for example (Fig. 4 B) , the average length of total neurites on denervated nerve substratum was 725 m, a 42% increase compared with intact substratum (511 m). Similar scores were obtained for the other neuronal types (not shown). In addition, the number of primary neurites was also significantly enhanced, by ϳ25%, on denervated substrates compared with normal substrates, indicating a stimulation of neurite branching (Fig. 4 B) . Therefore, in our system, Wallerian degeneration not only allows neurites to access the internal structures of endoneurial tubes, as seen above, but it also stimulates the extent of neurite elongation and branching.
Role of the ␤1-integrin subunit
The fact that practically all growing fibers were found in direct contact or in close proximity with the ECM of the basal lamina tubes, regardless of the intact or denervated status of the nerve substrata, prompted us to study the role of neuronal integrins in our system, and especially those containing the ␤1 subunit, because they seem essential in mediating neurite elongation on various ECM molecules. For this we used function-blocking mAbs, JG22 and V2E9, which both recognize the chick ␤1-integrin (Greve and Gottlieb, 1982; Tomaselli et al., 1986; Hayashi et al., 1990) , and tested their effect on the growth of peripheral neurons cultivated on intact or lesioned sciatic nerve sections. In all of the following experiments, control cultures were performed by growing neurons from the same neuronal preparation that was used on tissue sections on laminin-1 or laminin-2 (merosin) substrata, with or without antibodies. Chick neurons grew equally well on laminin-1 purified from the mouse EHS tumor and human laminin-2 (Table 1) , giving percentages of growth comparable to those observed on sciatic nerve substrata (ϳ70% of growing neurons), confirming that chick neuronal receptors recognize heterospecific ECM molecules. In these control cultures, JG22 and V2E9 antibodies at a concentration of 25 g Ig/ml reduced drastically the number of sensory neurons growing on laminin-1. In addition, JG22 antibody also caused an important growth inhibition on laminin-2.
On sciatic nerve sections, both JG22 and V2E9 antibodies significantly reduced the number of neurons with neurites (Fig.  5A) ; inhibition by JG22 antibody was 45% on normal and 33% on degenerated substrata, whereas inhibition by V2E9 antibody was 40% on normal and 39% on degenerated substrata. This substantial reduction of neurite outgrowth was not restricted to sensory neurons, because JG22 antibody also diminished the percentage of growing sympathetic neurons by 36% (n ϭ 3) on normal sciatic nerve substratum and by 27% (n ϭ 2) on degenerated sciatic nerve substratum (not shown). A control mAb A2B5, directed against a common neuronal membrane epitope not involved in neurite outgrowth and expressed by chick DRG neurons, was without effect, indicating that the observed results were not attributable to steric hindrance or another nonspecific role of the antibodies.
To document f urther this blocking effect, neurite length was measured for neurons growing in the presence of JG22 (Fig. 5B) . The anti-␤1-integrin antibody caused a 42% decrease in total neurite length on normal sciatic nerve substratum and a 44% decrease on degenerated sciatic nerve sections. Moreover, antibody treatment also significantly reduced on both substrata the number of primary neurites per neuron (see Table 3 ). These results strongly suggest that interactions involving integrins containing the ␤1 subunit play an important role in mediating neurite regeneration in the PNS milieu. Accordingly, we sought to determine the respective roles of laminin-1, merosin, and fibronectin in this process, matrix molecules that are all recognized by integrins containing the ␤1 subunit and are active promoters of neurite outgrowth in vitro.
Role of fibronectin and laminins
To analyze the role of fibronectin, we have used a purified antiserum directed against rat plasma fibronectin, which efficiently reduces neurite outgrowth from chick sensory neurons grown on control rat fibronectin substratum (Table 2) . On normal sciatic nerve, this antibody had no effect on neurite outgrowth (Fig. 6) . On degenerated sciatic nerve sections, it affected neither the number of growing neurons (Fig. 6 A) nor neurite length (Fig.  6 B) , but it significantly reduced by 25% the number of primary neurites emitted per neuron (Table 3) .
To test the role of laminin-2/merosin, we used an antiserum originally directed against laminin-1 (C arbonetto et al., 1987), which also strongly cross-reacts with laminin-2, as shown by its ability to stain intensely endoneurial basal laminae (Fig. 3) . We also used an mAb directed against the ␣2 chain of human merosin, from commercial source, which on Western blots crossreacts with rat laminin-2 (not shown). Both reagents were first tested for their ability to block laminin-induced neurite outgrowth ( Table 2 ). The anti-laminin-1/2 antiserum readily blocked neurite outgrowth of DRG neurons grown on laminin-1 substratum by Ͼ60% and caused a lower inhibition (ϳ40%) on laminin-2/merosin substratum. The anti-laminin-2 antibody reduced by the same level the percentage of neurons growing on laminin-2 and was without effect on laminin-1 (Table 2) .
On normal sciatic nerve substrata, none of these antibodies significantly changed the growth of peripheral neurons: they did not diminish the percentage of growing neurons (Fig. 6 A) and did not affect neurite length (Fig. 6 B) or the number of primary neurites per neurons (Table 3) . Surprisingly, however, both antibodies perturbed neurite outgrowth on denervated nerve sections. First, although the anti-laminin-1/2 did not affect the percentage of growing neurons, the anti-laminin-2 antibody caused a 40% reduction in this number (Fig. 6 A) . The reason for this discrepancy between the two antibodies is unclear, given their equal effect on laminin substrata (Table 2) . However, both antibodies diminished almost by half the length of neurites on lesioned sciatic nerve (Fig. 6 B) and reduced significantly the number of primary neurites per neuron (Table 3) . Similar results were obtained with both antibodies using chick sympathetic neurons (not shown). These experiments demonstrate that two different anti-laminin-2 antibodies can greatly reduce the growth of regenerating nerve fibers confronted with a lesioned nerve environment, but they are totally inefficient to perturb growth elicited by an intact peripheral nerve substratum.
DISCUSSION
Cultures of embryonic or adult neurons on histological sections of peripheral nerves have been used previously to study mechanisms responsible for neurite extension in this particular environment (Carbonetto et al., 1987; Bedi et al., 1992; Shewan et al., 1993; Anton et al., 1994; Tuttle and Matthew, 1995) . Our observations confirm these studies and indicate that sciatic nerve sections are able to stimulate nerve fiber elongation to a level comparable to that observed with laminin substrata. In addition, nerve fiber growth was clearly directed by the tissular organization of the substrata, suggesting that as in vivo, spatially restricted cues within the tissue environment play a major role in controlling growth patterns.
In most of the present experiments, E13 chick DRG neurons were used. At this stage, the development of the chick nervous system is comparable to that of a newborn rodent (Agius et al., 1996) , and similar scores of growth were obtained for E13 chick and newborn mouse neurons. This result is in agreement with previous analyses that also used heterospecific combinations of growing neurons and tissue substrata (Savio and Schwab, 1989; Bastmeyer et al., 1991; Sagot et al., 1991; Tuttle and Matthew, 1995) . More generally, cryoculture studies using various interspecific combinations have not revealed significant differences with monospecific neuron-substratum associations (for references, see Crutcher, 1993) , and a number of examples show that substrate preferences are not species dependent (Godement and Bonhoeffer, 1989; Bastmeyer et al., 1991) . This further strengthens the notion that the recognition of growth-promoting and -inhibiting molecules is highly conserved among vertebrates.
Our first objective was to compare the ability of intact and denervated nerve substrata to promote fiber growth. Our results clearly demonstrate quantitative and qualitative differences between the two substrata. First, compared with normal nerve, denervated nerve substrata enhanced, by ϳ40%, the length of nerve fibers. Second, our experiments using confocal microscopy showed that neurites extended and navigated deep inside axon units of the substratum on denervated nerve sections but were never able to do so on intact nerve sections. It should be pointed out, however, that the resolution of the confocal microscope did not permit determination of whether on normal nerve sections neurites extended on the inside or outside walls of the basal lamina tubes. Nevertheless, the increased neurite growth measured on denervated nerve sections is directly correlated with the ability of nerve fibers to extend deep inside Schwann cell tubes.
What could prevent neurites from entering Schwann cell tubes in sections of intact nerve? In our assay, most neurites were unable to grow in myelin-rich areas in tissue substrata, raising the possibility that myelin could negatively control neurite extension. It seems unlikely that this could be attributable to the compact nature of myelin sheaths, as suggested by the pattern of growth observed on transverse sections of intact nerve. Myelin-associated glycoprotein (MAG), a component of peripheral nerve myelin, has been shown to present growth inhibitory properties (Mac Kerracher et al., 1994; Mukhopadhyay et al., 1994) . However, in those experiments, MAG inhibited only the growth of adult sensory neurons but promoted that of newborn neurons (Mukhopadhyay et al., 1994) . Therefore, if myelin plays any role in controlling neurite outgrowth in our system, which remains to be established, factors others than MAG should be implicated.
Regardless of the mechanism involved, it seems clear, as stated above, that the denervated status of the nerve substratum allows penetration of neurites deep inside endoneurial Schwann cell tubes, a situation also routinely observed during axonal regeneration in vivo (Ide et al., 1983) . This further strengthens the idea that the cryoculture paradigm is well fitted to study mechanisms of nerve regeneration. In addition, this demonstrates that neurites exposed to a denervated substratum have access to a different environment than that in intact nerve sections. Such an access to growth-promoting factors possibly present or accumulated inside endoneurial Schwann cell tubes, together with the disappearance of myelin, may well be two essential reasons responsible for the stimulation of growth observed over denervated nerve substrates.
In this context, the results of perturbation experiments with anti-laminin antibodies seem particularly significant. Members of the laminin family, and in particular laminin-1 and its laminin-2/ merosin isoform, are believed to play an important role in neuritogenesis (for review, see Venstrom and Reichardt, 1993; Luckenbill-Edds, 1997) . Laminin-2, constituted by the association of its specific ␣2 chain with the ␤1 and ␥1 chains also found in laminin-1, is expressed by Schwann cells (Leivo and Engvall, 1988; LeBeau et al., 1994) and represents the predominant form of laminin in peripheral nerves (Sanes et al., 1990) . Antibodies directed against the ARM-1 antigen, believed to be laminin-2, have already been shown by a similar cryoculture approach to block a large fraction of neurite outgrowth induced by denervated nerve substrata (Anton et al., 1994) . Our own experiments confirm and extend these data, because reduction in neurite outgrowth was observed only for denervated nerve substrates. The lack of inhibition on normal nerve substrates could result from a difference in the level of laminin in endoneurial basal laminae between the two types of substrata. This is unlikely, however, because denervation had no effect on the distribution or level of laminin immunoreactivity in endoneurial basal laminae, a finding in agreement with previous results (Sanes et al., 1990) . Our data rather suggest that the important inhibition noted on denervated nerve sections is related to the ability of nerve fibers to enter endoneurial basal lamina tubes. In this respect, it is interesting to mention results strongly suggesting that laminin is mostly localized at the internal surface of endoneurial basal lamina tubes (Ide et al., 1983; Tohyama and Ide, 1984) . Accordingly, an important fraction of the additional growth induced by denervated nerve Figure 5 . Inhibition of neurite outgrowth of E13 chick sensory neurons by two different antibodies, JG22 and V2E9, directed against chick ␤1-integrin subunit, on each type of nerve substratum. The concentrations used were 25 g Ig/ml for both antibodies. The blocking ability of each antibody was controlled with the same neuronal preparations grown on laminin-1 or laminin-2, and the corresponding results are shown in Table  1 substrata could be attributable to increased accessibility of laminin for growth cones.
What could be the factors responsible for the growth of embryonic neurons on intact nerve substrata? Perturbation experiments using antibodies directed against ␤1-integrins, ubiquitous receptors for numerous matrix molecules, indicate that such molecules are involved. In vivo experiments using anti-integrin antibodies suggested that integrins of the ␤1 class are involved in controlling axonal regeneration in peripheral nerves (Toyota et al., 1990) . However, it was difficult in such experiments to know whether the antibodies directly blocked growth cone progression or indirectly perturbed important cellular events that occur during Wallerian degeneration, such as Schwann cell locomotion or macrophage invasion. Our results, obtained on a "passive" environment, demonstrate that neuronal ␤1-integrins play an important part in controlling nerve fiber regeneration in the PNS environment.
In addition to laminins, neuronal ␤1-integrins regulate fiber growth over fibronectin (for review, see Diamond and Springer, 1994) , which is prominently expressed in the endoneurial ECM (Lefcort et al., 1992) . Fibronectin accumulates outside the basal laminae surrounding axon units (Wang et al., 1992) and is overexpressed after lesion (Lefcort et al., 1992) . However, we did not observe significant effects with f unction-blocking antibodies directed against fibronectin, neither on the number of neurons with neurites nor on neurite length. Nevertheless, it is interesting to note that these antibodies reduced the number of primary neurites per neuron, but only on denervated nerve substrata. In our culture conditions, therefore, fibronectin does not appear to play an essential role in promoting neurite outgrowth on sciatic nerve sections. Our observations suggest a more subtle role, perhaps restricted to early steps in the process of neurite formation.
Other EC M molecules that bind to ␤1-integrins could be considered potential candidates for mediating this ␤1-integrinmediated growth, including tenascin and thrombospondin (Neugebauer et al., 1991; Faissner et al., 1994; Varnum-Finney et al., 1995) . Specific tenascin isoforms, which promote neurite outgrowth in vitro (Wehrle and Chiquet, 1990) are present in adult nerves, especially at the level of the nodes of Ranvier (Rieger et al., 1986; Martini et al., 1990) . In addition, specific isoforms are overexpressed after lesion and accumulate in the distal nerve stump, suggesting that tenascin might play a role during nerve repair (Daniloff et al., 1989; Martini et al., 1990; Zhang et al., 1995) . However, after axotomy, the regeneration of the sciatic nerve is not altered in transgenic mice lacking tenascin-C (Forsberg et al., 1996) , and regenerating peripheral axons are not always associated with tenascin in endoneurial tubes (Zhang et al., 1995; our unpublished data) . Therefore the role of tenascin in Figure 6 . Effects of anti-fibronectin, anti-laminin-1/2, and anti-laminin-2 antibodies on neurite outgrowth of E13 chick sensory neurons grown for 48 hr on normal and degenerated sciatic nerve substrata. For laminin-1/2 and fibronectin, at least two different antibodies were tested, with concentrations between 25 and 50 g Ig /ml, yielding similar results. The blocking ability of each antibody was controlled with the same neuronal preparations grown on the corresponding EC M molecule, and the corresponding results are shown in this system remains to be explored f urther. Similarly, molecules of the thrombospondin family that interact with ␤1-integrins (Neugebauer et al., 1991; DeFreitas et al., 1995) are also expressed in peripheral nerves (O'Shea and Dixit, 1988; Hoffman et al., 1994) and have been shown to support peripheral neurite outgrowth in vitro (Neugebauer et al., 1991; O'Shea et al., 1991; Osterhout et al., 1992; Arber and C aroni, 1995) . Interestingly, a correlation in various species between the presence of thrombospondin and a potential for successf ul nerve regeneration has been reported (Hoffman et al., 1994) . Therefore, f urther experiments are required to determine the role of these molecules in neurite regeneration in the PNS. 
